A cell line (TI-1) has been established from the peripheral blood of a patient with acute myeloid leukemia (M2). A typical TI-1 cell displayed many abnormalities of its chromosomes, but not the Philadelphia (Phl) chromosome. Light and electron microscopic examination and histochemical analysis indicated that the TI-1 cells were undifferentiated blast cells, but immunologic marker studies suggested that these cells had myeloid characteristics. The proliferation of TI-1 cells was dependent on the concentration of fetal bovine serum (FBS). Their doubling time was 13.8 hours when they were cultured in a medium containing 10% FBS. Phorbol-12 myristate 13-acetate (PMA) induced the TI-1 cells to differentiate into monocyte-like cells, as judged by their morphologic similarity to monocytes, their adhesion to the culture dish, lTEMPTS TO develop long-term suspension cultures A of human myeloid leukemia cells have met with limited success. Some human myeloid cell lines have been found to be useful models for studying cell differentiation because they are induced to differentiate into more mature cells by various inducers: The well-known examples are the HL-60, U-937, KG-1, and K-562 cell lines.
and their increase of both nitroblue tetrazolium (NBT)-reducing ability and nonspecific esterase (NSE)-activity. PMA significantly inhibited the proliferation and DNA synthesis of TI-1 cells in a dose-dependent manner. The PMA-induced differentiation was significantly inhibited by the protein kinase C inhibitors (H-7, staurosporine). Hemin induced the TI-1 cells to differentiate into erythroid cells. The number of hemoglobin-producing cells and hemoglobin production was increased by hemin treatment. Hemin also inhibited the proliferation of the TI-1 cells. Thus, the TI-1 cell represents a bipotent, granulo-monocytoid, and erythroid cell line. The TI-1 cell line will be a useful model for monocytoid and erythroid differentiation. 8 1992 by The American Society of Hematology.
blood leukocytes of a patient with acute myelocytic leukemia. In the present study, we report our characterization of these TI-1 cells and present our evidence that the cells can be induced to differentiate into either monocyte-like cells or erythroid cells by PMA and hemin, respectively.
MATERIALS AND METHODS
Cell culture and evaluation of TI-I cell differentiation. The TI-1 cells were grown in RPMI-1640 medium containing 5% fetal bovine serum (FBS) at 37°C in a 5% COz humidified atmosphere. The cells were plated at a concentration of 1 x 105 cellslml and then treated either with hemin or PMA (Sigma Chemical Co, St Louis, MO). The PMA was dissolved in ethanol, so that the final ethanol concentration in use was less than 0.1% at which concentration the proliferation and differentiation of TI-1 cells were not affected. The viability of the TI-1 cell was assessed by the trypan blue exclusion test. The number of cells was determined using a hemocytometer. The proliferation of TI-1 cells was investigated at the various concentration of FBS (0% to 20%). The number of hemoglobin-producing cells in each culture was determined by benzidine staining according to the methods of Rutherford et al.15J6 The cell differentiation into granulocyte-monocyte lineage was evaluated by the assay of nitroblue tetrazolium (NBT)-reducing ability17 and nonspecific esterase (NSE)-activity.ls NSEactivity was determined cytochemically with a-naphthylbutyrate as a substrate. In each assay at least 200 cells were examined.
The morphology of the TI-1 cell was studied throughout on cytospin slide preparations stained with May-Giemsa. For ultrastructural studies, the TI-1 cells were fixed with 1.25% glutaraldehyde in 0.2 molIL cacodylatebuffer for 30 minutes at 0°C and postfixed in 2% osmium tetroxide for 60 minutes at 0°C. The samples were dehydrated in a graded series of ethanol and embedded in epon. Ultrathin sections were stained with uranylacetate and lead citrate and examined with a JEOL JEM-1200EX electron microscope (Japan Electric Optical Laboratory Ltd, Tokyo, Japan).
The TI-1 cells were suspended in phosphate-buffered saline (PBS) containing 1% bovine serum albumin at a concentration of 2 x lo7 cellslml. Aliquots of 1 x 106 cells were stained with an equal volume of commercially available monoclonal antibodies (MoAbs) at 4°C for 30 minutes. In brief, both direct and indirect immunofluorescent staining procedures were used. Goat antimouse IgG secondary antibodies were used for indirect immunofluorescent staining. At the completion of the staining procedure, the cells were washed twice, resuspended in 1 mL PBS, and analyzed with Light microscon and ultrastructural studies.
Immunologic marker analysis and kayoyotypic analysis. Freshly isolated leukemia cells were cultured in the medium of RPMI 1640 containing 10% FBS at 37°C in a humidified 5% COz atmosphere. One half of the medium was replaced every 3 or 4 days. Almost all of the cells died. However, after 3 months' culture, some homogenous cells that were round and larger than normal lymphocyte cells began to proliferate. We have maintained these cells for another 6 months and have begun to characterize those cells. The proliferation of the TI-1 cells was dependent on the concentration of FBS. When the TI-1 cells were cultured in RPMI 1640 medium containing 5% and 10% FBS, their doubling time was 15.6 hours and 13.8 hours, respectively (see Fig 4) . Mophology. The morphologic characteristics of the cells were those of very undiffcrentiated cells. The cells were round and of 15-to 20-km diameter. Their chromatin was fine and marked with one to three nucleoli. The cytoplasm was basophilic and sometimes contained some small granules ( Fig 1A) . Some mitotic figure and binucleated cclls were observed. The TI-1 cells had no detectable a-naphthylbutyratc esterase and naphthyl ASD chloroacetate esterase activity. Peroxidase activity was also not detected.
RESULTS

Establishment of
Electron microscopic examination of the TI-1 cells showed a single lobed nucleus with moderately condensed chromatin and two or more nucleoli (Fig 2) . The cytoplasm was rich and contained numerous mitochondria, segments of rough endoplasmic reticulum, Golgi apparatus, and some granules. Figure 3 summarizes the results of the immunologic marker assays. As this figure shows, no markers of T-and B-lymphoid cells were detected. The cell line was positive for CD13, which is a typical granulo-monocytic marker, while CD14 was negative. which is mainly expressed on monocyte. The antigens of CD33 and CD34 were also expressed on the surfacc of the cells.
Chromosome analysis. All cells showed a complex male karyotype. The number of chromosome was varying between 65 and 71 (60% of the analyzed cells had 69 chromosomes). The cells had chromosomal abnormalities as follows: 2q+, 6p+, 9p+, 9p-, 13p+, trisomy of no. 1,4, 7,8,11,12, and 19 chromosome, XXY (Fig4). However, no Phl chromosome was observed.
Eflects of the concentration of FBS on the proliferation of TI-] cells. The proliferation of the TI-1 cells was dependent on the concentration of FBS. Without FBS, TI-1 cells did not grow. When TI-1 cells were cultured in RPMI 1640 medium containing 5% and 10% FBS, their doubling time was 15.6 hours and 13.8 hours, respectively. The growth rate of the TI-1 cells culturing in the medium containing 10% FBS was almost the same as that of 20% FBS (Fig 5) .
Immunologic analysis of cell surface marker.
For only 20% of the control. At the concentration of 100 X g/L (1.62 x PMA had a cytotoxic effect on the TI-1 cells. At less than 10 x g/L, cell viability was more than 85%. Figure 6B shows the effects of PMA on the DNA synthesis of TI-1 cells at day 1. The DNA synthesis was evaluated using [3H]-thymidine uptake. PMA also inhibited the DNA synthesis of TI-1 cells, dose dependently. At the concentration of 4 x g/L and 10 x g/L, PMA inhibited the DNA synthesis of TI-1 cells by about 70% and 30% of the control, respectively. On days 2 and 3, the same tendencies were noted (data not shown).
Phenotypic differentiation of TI-I cells induced by PMA in the presence or absence of protein kinase C inhibitors. As shown in Fig 7, PMA (8 x g/L)-induced TI-1 cells showed the increase of NBT reducing ability and NSE activity. The NBT reducing ability was used to observe all differentiation into both granulocyte and monocyte lineage.
The measurement of NSE-activity was used to distinguish the differentiation into monocyte lineage. The intensity of reactivity to CD13 was also augmented up to 1.4-fold of the control by PMA treatment. This evidence suggests that PMA-induced TI-1 cells into monocyte lineage. Morphologically, the PMA-induced TI-1 cells were differentiated into monocyte lineage because of the increase of cell size, the decrease of nucleus/cytoplasm ratio, more aggregated chro- .;, i..
Fig 4. TI-1 cells were examined by the trypsin-Giemsa G-banding method.
matin, lobulated nucleus, and the presence of vacuoles, compared with control one (Fig 1B) . Also, PMA-induced TI-1 cells were adherent to the culture dishes. Protein kinase C inhibitors [H-721,22: Ki = 6.0 pmol/L, staurosporine? Ki = 1 nmol/L] were found to inhibit the PMAinduced differentiation. The inhibition by staurosporine was stronger than observed by H-7. H-8 is an analogue of H-7 and inhibits cyclic adenosine monophosphate (CAMP)-dependent protein kinase (Ki = 1.2 pmol/L) more effectively than protein kinase C (Ki = 1.2 p,mol/L). 21 The differentiation of TI-1 cells induced by PMA was not inhibited by the presence of H-8.
Effects of hemin on the proliferation and differentiation of TI-I cells. Hemin (0.03 mmol/L) significantly inhibited the cell proliferation of TI-1 cells by about 80% of control at day 4 (Fig 8) . Hemin (0.03 mmol/L) also significantly increased the number of benzidine staining positive cells (Fig 9) . At day 4, about 50% of TI-1 cells were positive for benzidine staining. The hemoglobin production of hemininduced TI-1 cells was also investigated. The TI-1 cells (1 x lo8 cells) were lysed and the absorbance of the supernatant was scanned over the range of 403 to 576 nm. The major peak of absorbance was observed at 414 nm and the hemoglobin was quantitated at 414 nm. After treatment of the TI-1 cells with hemin (0.03 mmol/L), hemoglobin could be detected by day 1 and it increased up to day 4. There were positive correlation effects between the degree of differentiation induced by hemin and the concentration of hemin (Fig 10) . We also identified the hemoglobin by using high performance liquid chromatography (HPLC), with the result that hemoglobin F was produced by hemin treatment.
DISCUSSION
The cell surface antigens of TI-1 cells strongly reacted with the MoAb to the CD1324 antigen that is expressed in the granulocytic and monocytic lineage, while the monocytic antigen marker, CD14," was not expressed. These data suggest that the TI-1 cell is a myeloid cell line. However, the TI-1 cells are more immature and closer to a stem cell than HL-60 cells because the TI-1 cells display fewer characteristics representative of morphologic and histochemical differentiation, as compared with HL-60 cells. Most importantly, the TI-1 cells can be induced to differentiate into two different cell lineages, either the monocytic or erythrocytic lineage by PMA and hemin, respectively. Taken together, the TI-1 cells are at a closely similar differentiation stage as the K-562 cells, because the K-562 cells are lacking in morphologic and histochemical differentiation characteristics and are reported to be differentiated into an erythroid cell lineage by hemin and b~t y r a t e .~~J~ The K-562 cells can also be differentiated into a megakaryocytic lineage by PMA.z However, the TI-1 cells are clearly different from K-562 cells because karyotype analysis of the TI-1 cells showed many differences from that of the K-562 cells, including having a Y chromosome and no Philadelphia chromosome.
The inhibition of cell proliferation has been reported to be closely related to the induction of cell differentiation in other cell
The inhibition of the proliferation of the TI-1 cell was also accompanied with the terminal differentiation by the treatment with PMA. PMA induced the TI-1 cells into a monocytic lineage rather than a granulocytic one because they were morphologically similar to monocytes and displayed both NBT-reducing ability and NSE-activity. PMA directly activates Ca2+-phospholipid protein kinase (protein kinase C). PMA-induced differentiation was significantly inhibited by the inhibitors of protein kinase C (H-7, staurosporine). The reason why the inhibition by staurosporine was stronger than that by H-7 might be explained by the evidence that staurosporine is a more potent inhibitor of protein kinase C than H-7 at the concentrations used in these studies. These results suggest that the activation of protein kinase C is involved in the differentiation of TI-1 cells.
Hemin not only inhibited cell proliferation but also induced TI-1 cells to differentiate into erythroid cells. The number of differentiated cells assessed by benzidine staining increased in a dose-dependent manner. We believed that, in the case of TI-1 cells treated with hemin, the increased percentage of benzidine-positive cells reflects an increase in hemoglobin synthesis because: (1) there was a positive correlation between the increased percentage of benzidine-positive cells after hemin treatment (see Fig 9) and the amount of hemoglobin as quantitated by the visible absorbance spectrum; and (2) 
